Growing evidence implicates altered mTORC1 signaling cascades in the pathophysiology of depression, suggesting that direct modulation of mTORC1 signaling may offer novel therapeutic potential. In this issue of the JCI, Kato and colleagues reported that administration of NV-5138, a recently developed synthetic leucine analog, has a rapid and sustained antidepressant action in rat models via activation of mTORC1 signaling. The investigators also found that the antidepressant effect of NV-5138 is mediated by upregulation of brain-derived neurotrophic factor (BDNF) signaling and that NV-5138 treatment produces rapid synaptic responses in the medial prefrontal cortex. These findings highlight the direct activation of mTORC1 signaling as a potential pharmacological intervention for the treatment of depression.
Limitations of currently available antidepressants
Major depressive disorder (MDD) is a common psychiatric disorder which imposes substantial public health burden and has a high lifetime prevalence (1) . A number of clinically available antidepressants include selective serotonin reuptake inhibitors (SSRIs), serotonin and noradrenaline reuptake inhibitors (SNRIs), and tricyclic antidepressants (TCAs), which act on monoaminergic systems. These medicines, however, require chronic administration before they show treatment efficacy (in general, a few weeks or more to improve depressive symptoms), and approximately 30% to 40% of MDD patients exhibit resistance to first-line interventions, potentially due to heterogeneous etiologies (2) . Thus, developing novel interventions targeting pathological mechanisms of MDD is necessary (3). Importantly, the N-methyl-daspartate (NMDA) glutamate receptor antagonist ketamine, a widely used anesthetic, has a rapid-acting antidepressant effect, even in treatment-resistant patients (4, 5) . The US FDA has recently approved a nasal spray of esketamine for treatmentresistant adult patients with depression. This encourages researchers to explore the idea that modulation of nonmonoaminergic mechanisms may offer therapeutic potential for the treatment of depression. mTOR signaling pathway: potential target for treatment of depression
The mTOR signaling pathway is an important homeostasis regulatory system that controls multiple intracellular functions, such as protein synthesis, metabolism, transcription, and autophagy (6) . In the brain, the mTOR signaling pathway is involved, not only in developmental cellular processes, such as cellular proliferation, axon growth, and dendrite formation, but also in synaptic plasticity, contributing to the regulation of cognitive function, sleep, and mood (ref. 7 and Figure 1 ). mTORmediated synaptic regulation is mediated by two critical downstream substrates of mTOR complex 1 (mTORC1), the p70 ribosomal S6 kinases 1 and 2 (p70S6K1/2), and the eukaryotic initiation factor 4E-binding proteins (4E-BPs) (6, 7) . It has been reported that the acute antidepressant action of ketamine is accompanied by elevated synaptic protein expression and upregulation of mTOR-S6K1 and 4E-BP signaling cascades in rats (8, 9) . Interestingly, fast-acting antidepressant effects of ketamine are also dependent on the rapid increase of brain-derived neurotrophic factor (BDNF) production via inactivation of eukaryotic elongation factor 2 (eEF2) kinase, a substrate of S6K1 (10). Thus, although more studies are needed to understand how altered mTOR signaling is involved in the pathophysiology of depression, mTORC1 signaling is a unique molecular target that can be used to explore drugs with rapid antidepressant action, such as ketamine.
Rapid antidepressant action via direct activation of mTORC1 signaling mTORC1 signaling is regulated by the interaction between sestrins and the GATOR2 complex (11) . Leucine, a critical amino acid in mTORC1-mediated protein synthesis, can bind sestrins, resulting in release from GATOR2, leading to mTORC1 activation (12) . NV-5138 is a novel synthetic analog of leucine that has sufficient oral bioavailability and brain penetration to selectively bind sestrins for the activation of mTORC1 signaling in the brain (13) . In this issue of the JCI, Kato et al. report that oral administration of NV-5138 has a rapid and prolonged antidepressant action in rat models (14) . They systematically demonstrate a rapid and long-lasting antidepressant effect of a single dose of NV-5138 in multiple depression-associated behavioral paradigms, including the forced swim test, the novelty suppressed feed test, and the female urine sniffing test in wild type rats. They also show that NV-5138 rapidly ameliorated chronic unpredictable stress-induced Growing evidence implicates altered mTORC1 signaling cascades in the pathophysiology of depression, suggesting that direct modulation of mTORC1 signaling may offer novel therapeutic potential. In this issue of the JCI, Kato and colleagues reported that administration of NV-5138, a recently developed synthetic leucine analog, has a rapid and sustained antidepressant action in rat models via activation of mTORC1 signaling. The investigators also found that the antidepressant effect of NV-5138 is mediated by upregulation of brain-derived neurotrophic factor (BDNF) signaling and that NV-5138 treatment produces rapid synaptic responses in the medial prefrontal cortex. These findings highlight the direct activation of mTORC1 signaling as a potential pharmacological intervention for the treatment of depression. jci.org Volume 129 Number 6 June 2019
Conclusions and future directions
In this study, Kato and colleagues reported, for the first time, that direct pharmacological activation of mTORC1 signaling led to a rapid and sustained antidepressant effect. Notably, the impact of NV-5138 on synaptic function and BDNF signaling is similar to that of ketamine, suggesting that NV-5138 and ketamine, at least in part, share the common mTORC1 signaling-mediated mechanisms underlying their antidepressant actions. Paradoxically, however, a recent clinical trial revealed that pretreatment with the mTORC1 inhibitor rapamycin prolonged the antidepressant effect of ketamine in MDD patients (17), underscoring the need for further investigation for understanding precise mechanisms of the modulation of mTORC1 signaling by ketamine. With the authors having shown that ketamine induces a rapid antidepressant effect in treatment-resistant patients (4), the antidepressant effect of NV-5138 reported in this study may translate to efficacy for patients, such as those with treatment-resistance MDD, who respond to ketamine. Nonetheless, considering that mTOR is a ubiquitously expressed serine/ threonine kinase and plays essential roles for multiple cellular functions, future studies should be carefully conducted to determine whether NV-5138 induces any adverse effects, including the promotion of carcinogenesis. There are emerging links between CNS inflammation and glutamate signaling underlying depression (18) . Furthermore, a recent study reported that pharmacological inhibition of microglial glutamate production ameliorates chronic stress-induced depressive-like behaviors (19) . Considering that mTOR signaling also regulates the immune and inflammatory systems via modulation of NF-κB and STAT3 signaling pathways (ref. 20 and Figure 1 ), targeting mTORC1 signaling in brain immune cells also warrants future investigation.
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Address correspondence to: Atsushi Kamiya, Department of Psychiatry and Behavcontrol groups. To examine the influence of NV-5138 treatment on synaptic function, 5-HT and hypocretin-induced excitatory postsynaptic current (EPSC) response in the layer V pyramidal neurons was measured by whole-cell electrophysiology in rat prefrontal cortex brain slices 24 hours after a single dose of NV-5138 or vehicle treatment. Consistent with the ketamine effect on synaptic function (8, 9, 15), NV-5138 treatment led to a significant increase in the frequency and amplitude of 5-HT and hypocretin-induced EPSC in neurons compared with that in controls. Expression of synaptic proteins, such as GluR1, Synapsin 1, and SV2A, was increased by NV-5138 treatment, which was similar to the effect of ketamine. These results suggest that NV-5138 and ketamine may, at least in part, share the common mechanisms underlying pharmacological effects on synaptic function, leading to a rapid antidepressant effect. This idea is supported by the results showing that intrainfusion of an antibody against BDNF in the medial prefrontal cortex 30 minutes before NV-5138 administration blocked acute antidepressant behavioral responses induced by a single dose of NV-5138. Consistent with the above, the BDNF knockin mice with a genetic variant of BDNF (Met66Met), a polymorphism reported to inhibit BDNF processing (16) , suppressed the antidepressant behavioral effect of NV-5138.
anhedonia-like behaviors in a sucrose preference test. Additionally, they confirmed that NV-5138, similarly to ketamine, rapidly upregulated phosphorylation of mTOR and increased phospho-p70S6K1 and 4E-BP1, which are downstream targets of mTORC1 in the prefrontal cortex. Importantly, intrainfusion of rapamycin, a selective mTORC1 inhibitor, blocked the antidepressant effect of NV-5138. These results suggest that activation of mTORC1 signaling is a promising approach for the treatment of depressive symptoms and that NV-5138 is a promising lead compound for the development of new drugs with rapid antidepressant action.
Rapid synaptic changes and upregulation of BDNF signaling by mTORC1 activation
Kato et al. also examined the effect of NV-5138 on synaptic function by conducting biochemical, immunohistochemical, and electrophysiological experiments. Chronic unpredictable stress exposure resulted in the reduction of GluR1 and PSD95 in the synaptosome fraction of the medial prefrontal cortex, which was rapidly reversed by a single dose of NV-5138 treatment. Morphological analysis of dendritic spine in the pyramidal neurons in layer V of the medial prefrontal cortex showed an increase in spine density in the rats subjected to acute administration of a single dose of NV-5138 compared with Figure 1 . Antidepressant action of NV-5138 via direct activation of mTORC1 signaling. Rapamycinsensitive mTORC1 signaling regulates the production of synaptic proteins and BDNF via p70S6K and 4E-BP1 signaling pathways. NV-5138, a synthetic leucine analog, binds sestrins and releases sestrins from GATOR2, resulting in mTORC1 activation and producing fast antidepressant effects. Note that mTORC1 signaling also regulates inflammatory machinery via NF-κB and STAT3 signaling pathways, suggesting that aberrant inflammatory mechanisms underlying depressive symptoms may also be targetable via modulation of mTORC1 signaling.
